Mesophyll protoplasts from both susceptible and resistant hosts were inoculated with RNA purified from barley stripe mosaic virus (BSMV) strains CV52 and CV42 using the polyethylene glycol (PEG) method. Protoplasts derived from the susceptible Hordeum vulgate L. cv. Black Hulless were susceptible to both BSMV strains, as indicated by fluorescein isotbiocyanate staining and ELISA. More than 80 % of protoplasts derived from an Oat cultivar resistant to CV52, hut not to CV42, were readily infected by either CV52 or CV42. Protoplasts from 10 barley lines resistant to CV42 remained resistant to CV42, although a limited number of protoplasts were infected. Functional resistance in the cultured barley protoplasts, but not in those from oat plants, suggests that resistance in these barley lines may be the result of restriction of replication, whereas resistance in oat plants is more likely due to restriction of cell-to-cell movement.
Mesophyll protoplasts from both susceptible and resistant hosts were inoculated with RNA purified from barley stripe mosaic virus (BSMV) strains CV52 and CV42 using the polyethylene glycol (PEG) method. Protoplasts derived from the susceptible Hordeum vulgate L. cv. Black Hulless were susceptible to both BSMV strains, as indicated by fluorescein isotbiocyanate staining and ELISA. More than 80 % of protoplasts derived from an Oat cultivar resistant to CV52, hut not to CV42, were readily infected by either CV52 or CV42. Protoplasts from 10 barley lines resistant to CV42 remained resistant to CV42, although a limited number of protoplasts were infected. Functional resistance in the cultured barley protoplasts, but not in those from oat plants, suggests that resistance in these barley lines may be the result of restriction of replication, whereas resistance in oat plants is more likely due to restriction of cell-to-cell movement.
The use of plant protoplasts in the study of plant resistance to viruses can provide valuable insights into the nature of the resistance. This approach has been used to determine whether resistance or apparent immunity to virus infection is functional in isolated protoplasts. In some cases, resistance is expressed in the isolated protoplasts with either a low level of virus infection or no detectable infection at all (Beier et al., 1977 (Beier et al., , 1979 Coutts & Wood, 1977; Motoyoshi & Oshima, 1977; Maule et al., 1980; Maekawa et al., 1981 ; Barker & Harrison, 1984; Foxe & Prakash, 1986) . In others, resistance is expressed only in whole plants (e.g. Beier et al., 1977 ; Motoyoshi & Oshima, 1975 Gonda & Symons, 1979; Stobbs & MacNeill, 1980; Barker & Harrison, 1984) . Restriction of viral replication may occur, as with tobacco mosaic virus (TMV) and tomatoes which possess the Tin-1 gene (Watanabe et al., 1987; Meshi et al., 1988) , or impairment of cell-to-cell movement may occur, as with TMV and tomatoes which possess the Tin-2 gene (Meshi et al., 1989) .
These types of studies have not been used previously to evaluate the nature of interactions between barley stripe mosaic virus (BSMV) and apparently resistant hosts, although protoplasts derived from susceptible barley have been used to study in vivo aminoacylation of BSMV RNAs (Loesch-Fries & Hall, 1982) . In fact, very little is known about the BSMV-host interactions which ultimately result in susceptibility or resistance. Although the basis for resistance has not been examined, Timian & Franckowiak (1987 Eleven barley lines and one oat cultivar (Arena sativa L.) were chosen for this study because of known differences in their susceptibility to BSMV strains (Timian, 1975; Edwards & Timian, 1986;  RNAs of BSMV strains CV52 (ND18) and CV42 were prepared as described previously (Edwards & Timian, 1986) after propagation in Black Hulless barley. RNA preparations were evaluated by electrophoresis and infectivity assay on Chenopodium amaranticolor L. and Black Hulless barley.
The protoplast isolation protocol was a modification of 0000-9530 © 1990 SGM :~ +, Susceptible; -, resistant.
the procedure described by Hughes et al. (1978) . Factors capable of influencing the viability and yield of protoplasts were examined and optimized (e.g. digestion time, enzyme concentration, sucrose concentration). Leaves from 7 day old seedlings were cut into transverse strips (1 to 2 mm) and digested in the dark at 30 °C for 1.5 to 2 h, without shaking, in an enzyme solution (10 ml/g tissue) containing 1 ~ (w/v) Onozuka cellulase R-S, 0.1% (w/v) macerozyme R-10 (both from Kanematsu-Gosho), 0-1% bovine serum albumin, 0.5 ~-sucrose, 0-0l M-potassium citrate, pH 5-6. This mixture was then gently swirled by hand 20 times, filtered through two layers of 52 ~tm nylon mesh, and the protoplasts were collected into sterile 50 ml Babcock bottles. Sufficient 0.55 M-sucrose to bring the solution near the top of the bottle neck was added and the solution was overlaid with 0.5 ml of 0-65 M-mannitol. After centrifuging at 200 g (1000 r.p.m.) for 4 rain in an IEC HS-NII centrifuge, the protoplasts were collected from the sucrose-mannitol interface and washed with 0.55 M-sucrose by two more cycles of centrifugation in sucrose overlaid with mannitol. The protoplasts were then placed into 0.65 M-mannitol at a concentration of 1 × 106/ml. Yields of up to 3 x 106 to 5 x 106 protoplasts per g of fresh leaves were achieved with this procedure. Protoplasts were inoculated with BSMV RNA by the method of R. French (personal communication). Protoplasts (5 x l0 s in 0.5 ml) were centrifuged for 1 min at 75 g in a 30 ml Corex tube and the supernatant was carefully removed. With about 120 gl of supernatant remaining above the protoplasts, the tube was gently swirled to achieve a uniform suspension (total volume of 150 ~tl). Viral RNA (5 p.g, in 3 to 5 ~tl) was immediately mixed with the resuspended protoplasts and 500 ~tl of 40% polyethylene glycol (PEG) (PEG 1540, pharmaceutical grade, Polysciences) containing 3 mM-CaC12 (pH 5-6) was added, mixed well by swirling, and held for 10 s. Five ml of 0.65 M-mannitol was then added dropwise while swirling the tube. After incubation on ice for 20 min, the tube was centrifuged at 75 g for 4 min. The pelleted protoplasts were washed twice by resuspending in 0-65 M-mannitol containing 10 mM-CaC12, pH 5.6, and centrifuging at 75 g. The final pellet was resuspended and brought to 500 ~tl in the protoplast incubation medium of Aoki & Takebe (1969) with minor changes (0.65 M-mannitol, 0"2 mM-KH2PO4, 1 mM-KNO3, 1 ~tM-KI, 0"1 #M-CuSO4, l0 mM-CaC12, 1~oo sucrose, 10 gg/ml gentamicin sulphate, pH 5.6). The protoplast suspension was then dispensed into a 24-well tissue culture plate (100 gl/well) which already contained 900 I.tl of culture medium per well. The plate was sealed with Parafilm and incubated at 24 °C with constant illumination at 54 ~tE/mZ.s. Mock inoculation was performed by either omitting BSMV RNA or replacing BSMV RNA with TMV RNA as the inoculum.
At various time intervals post-inoculation (p.i.), samples were assayed for viability, infectivity, and the presence of BSMV antigen. Viability was defined as the ability of the protoplast membrane to exclude phenosafranine dye (Widholm, 1972) and was tested by staining the protoplasts with 0.1% phenosafranine (w/v in 0.65 ~-mannitol). Assay for the presence of BSMV antigen in protoplasts was primarily accomplished through the use of fluorescent antibody staining with fluorescein isothiocyanate (FITC). In some instances, ELISA (Clark & Adams, 1977) was also used to assay for the presence of BSMV antigen in order to verify results obtained with the immunofluorescence assay.
As expected, protoplasts from the susceptible cultivar Black Hulless were readily infected by either CV42 or CV52. ELISA detection of virus antigen in Black Hulless protoplasts was possible 7 h p.i., with a peak in the accumulation of virus antigen at about 54 h p.i. (Fig. 1) . Up to 95% of Black Hulless protoplasts were infected when assayed by FITC staining at 24 h p.i. Although the percentage infection detectable increased rapidly from 8 to 24 h p.i., no significant change was observed beyond 24 h. The appearance of protoplasts infected in vitro was similar to that of protoplasts derived from infected whole plants, except that the intensity of fluorescence was greater in the latter protoplasts.
A substantial proportion (>80%)of oat protoplasts were also infected by both CV52 and CV42 (Table 2) . Although intact oat plants are resistant to CV52 (Table  1) , the percentage infection of oat protoplasts obtained with CV52 was comparable to that obtained with CV42. Progeny virions produced in the CV52-infected oat protoplasts retained the CV52 phenotype as indicated by (0) CV42-infected protoplasts were obtained via ELISA (Clark & Adams, 1977) . Samples for ELISA were prepared by centrifugation of a given protoplast suspension at 100 g for 2 rain followed by treatment of the pellet by three freezing and thawing cycles. After vortexing for 1 min, the sample was brought up to the original volume by adding ELISA sample buffer. Percentage infection by (rq) CV52 and (I) CV42 was obtained by FITC staining according to Wood (1984) , except that the dilutions of BSMV-specific antiserum and FITClabelled goat anti-rabbit antiserum were 1:5000 and 1:2000, respectively, and the incubation times for both were 30 rain. local pathogen~ity to C. amaranticolor and a lack of pathogenicity to oat plants after passage through Black Hulless barley. In contrast, no infection of intact oats could be detected by ELISA or by examination of 5000 protoplasts immediately after isolation from oat plants at 2 days and I0 days p.i. with CV52 at 300 ~tg/ml.
Quite different results were obtained when protoplasts from 10 barley lines resistant to CV42 were inoculated. Only a few protoplasts from these plants became infected after inoculation with CV42 (Table 2) . Protoplasts from CI numbers 905, 4197, 14048, 4222 and 5020 showed extreme resistance to CV42 with a maximum of only about 1.3~ infection, whereas protoplasts from CI numbers 5724, 4609, 4429, 4948 and 4885 had relatively higher percentages of infection ranging from 4~ to 19~. In contrast, at least 80 ~ of protoplasts from each of these barley lines became infected when inoculated with CV52 RNA.
The fluorescence intensity of infected protoplasts appeared unrelated to the percentage of infection. The small group of infected protoplasts from the resistant barley lines possessed similar fluoresence intensity to that of the large number of infected protoplasts from susceptible barley. The intensity of fluorescence varied slightly from cell to cell, but did not appear to vary significantly among barley lines.
Expression of BSMV resistance in isolated protoplasts from the barley lines tested, but not in those from the oats, indicates that fundamental differences exist in the mechanisms of resistance employed by these hosts. Efficient replication of CV52 in the barley protoplasts indicated that these protoplasts were capable of supporting extensive virus replication and that the restriction of CV42 replication was strain-specific. Furthermore, since the resistance is functional against RNA inoculum, this restriction probably occurs no earlier than transcription or translation. The reason for the apparently successful replication of CV42 within only some of the protoplasts remains obscure. Since only a small percentage of barley protoplasts became infected with CV42, and the intensity of fluorescence within these cells did not appear to vary significantly from that within cells infected with CV52, it may be that the low percentage of cells infected with CV42 simply reflects the probability of formation of a replication complex. Once replication is underway, it (or the accumulation of coat protein) may no longer be restricted in that particular cell. It is also conceivable that protoplast preparations from CV42-resistant barley lines could contain a subpopulation of susceptible cells, the size of which may vary as a result of isolation conditions and/or varietal differences.
Clearly, the lack of oat pathogenicity by CV52 is not the result of restricted replication. Therefore it is likely that cell-to-cell movement of CV52 is prevented or impaired in whole plants. A notable example of this type of resistance is that conveyed by the Tm-2 gene (or its allele, Tm-2 z) to TMV (Meshi et at., 1989) . Although the specific mechanism of Tm-2-directed resistance has not been determined, it has been shown that a gene-for-gene type interaction occurs between Tin-2 and the 30K protein of TMV (Meshi et al., 1989) . It remains to be established whether such an interaction occurs between CV52 and oat plants. Recently, the complete genomes of several strains of BSMV, including both strains used here, have been cloned into a vector which enables the in vitro transcription of infectious viral RNA (Petty et al., 1989; M. C. Edwards, unpublished data). Genetic analysis of these cloned strains using mutagenesis and recombination techniques should help elucidate the mechanisms of BSMV pathogenicity and resistance in both oat and barley plants.
